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ABSTRACT
Results from a numerical study of fluctuation dynamo in a collisionless, weakly magnetized plasma are
presented. The key difference between this dynamo and its magnetohydrodynamic (MHD) counterpart
is the adiabatic production of magnetic-field-aligned pressure anisotropy by the amplification of a
weak seed field. This in turn drives kinetic instabilities on the ion-Larmor scale—namely, firehose
and mirror—which sever the adiabatic link between the thermal and magnetic pressures, thereby
allowing the dynamo to proceed. After an initial phase of rapid growth driven by these instabilities,
the magnetic energy grows exponentially and exhibits a k3/2 spectrum that peaks near the resistive
scale, similar to the large-magnetic-Prandtl-number (Pm ≫ 1) MHD dynamo. The magnetic field
self-organizes into a folded-sheet topology, with direction reversals at the resistive scale and field lines
curved at the parallel scale of the flow. The effective Pm is determined by whether the ion-Larmor scale
is above or below the field-reversing scale: in the former case, particles undergo Bohm-like diffusion; in
the latter case, particles scatter primarily off firehose fluctuations residing at the ends of the magnetic
folds, and the viscosity becomes anisotropic. The magnetic field ultimately saturates at dynamical
strengths, with its spectral peak migrating towards larger scales. This feature, along with an anti-
correlation of magnetic-field strength and field-line curvature and a gradual thinning of magnetic
sheets into ribbons, resemble the saturated state of the large-Pm dynamo, the primary differences
manifesting in firehose/mirror-unstable regions. These results have implications for magnetic-field
growth in the weakly collisional intracluster medium of galaxy clusters.
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1. INTRODUCTION
The Universe is magnetized. While magnetic-field
strengths of just ∼10−18 G are required to achieve this
both in our Galaxy and in clusters of galaxies,1 obser-
vations of Faraday rotation, Zeeman splitting, and syn-
chrotron emission all make the case for ubiquitous ∼µG
fields (e.g., Beck et al. 1996; Carilli & Taylor 2002; Beck
2015). That these systems are not content with host-
ing weaker fields is surprising, at least until one realizes
that the energy density of a ∼µG field is comparable to
that of the observed turbulent motions; e.g., the Hitomi-
observed velocity dispersion ≈160 km s−1 in the ICM of
Perseus (Hitomi Collaboration 2016) matches the Alfve´n
speed vA ≡ B/
√
4πmin for the observed number den-
sity n ≈ 0.02 cm−3 if B ≈ 10 µG. It is then natu-
ral to attribute the amplification and sustenance of (at
least the random component of) the interstellar and in-
tracluster magnetic fields to the fluctuation (or “turbu-
lent”) dynamo (Batchelor 1950; Zel’dovich et al. 1984;
Childress & Gilbert 1995), by which a succession of ran-
dom velocity shears stretches the field and leads on the
average to its growth to dynamical strengths.
1 This number is obtained by asking for what magnetic-field
strength B is the ion-Larmor radius ρi ≡ vthi/Ωi roughly 1% of
some macroscale of interest L, where vthi ≡ (2Ti/mi)
1/2 is the ion
thermal speed, Ωi ≡ eB/mic is the ion Larmor frequency, Ti is
the ion temperature, and mi is the ion mass. In the Ti ∼ 5 keV
intracluster medium (ICM), a typical macroscale is the thermal-
pressure scale height, L ∼ 100 kpc, and so ρi . 0.01L demands
B & 10−18 G. This B also ensures ρi . λmfp, the collisional mean
free path. In the Ti ∼ 0.5 eV interstellar medium, the same B
ensures ρi . 0.01L for L ∼ 1 kpc.
Despite being one of the most outstanding examples of
magnetic self-organization and energy conversion in all of
plasma physics, much about the fluctuation dynamo re-
mains elusive (e.g., Brandenburg & Subramanian 2005;
Kulsrud & Zweibel 2008). This is particularly true
in weakly collisional plasmas, in which the collisional
mean free path is comparable to or even larger than
the macroscopic lengthscales of interest. In such sys-
tems, changes in magnetic-field strength lead to a field-
oriented bias in the thermal motions of the particles, ∆ ≡
p⊥/p‖ − 1, where p⊥ (p‖) is the thermal pressure per-
pendicular (parallel) to the magnetic field (Chew et al.
1956). On large scales, the resulting pressure ten-
sor induces an anisotropic response to the fluid flow
(Braginskii 1965), one which alters the efficacy of mag-
netic tension and promotes a folded magnetic geometry.
On small scales, ∆ serves as a source of free energy
for rapidly growing kinetic-scale instabilities, namely
firehose (Rosenbluth 1956; Chandrasekhar et al. 1958;
Parker 1958; Vedenov & Sagdeev 1958; Yoon et al. 1993;
Hellinger & Matsumoto 2000) and mirror (Barnes 1966;
Hasegawa 1969; Southwood & Kivelson 1993; Hellinger
2007), whose growth and saturation impact the structure
of the magnetic field and the effective plasma viscosity
in a way controlled by the plasma beta parameter, β ≡
8πnT/B2 (e.g., Schekochihin et al. 2008; Squire et al.
2017).
These kinetic instabilities play a vital role in the
plasma dynamo, as magnetic-field amplification is other-
wise hampered both by phase mixing of the parallel rate
of strain (bˆbˆ :∇u, where bˆ ≡ B/B is the magnetic-field
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unit vector and u is the fluid velocity) and by adiabatic
invariance of µ ≡ mv2⊥/2B. The latter sets stringent
constraints on the allowable amount of magnetic-field
growth (Helander et al. 2016), while the former limits
the velocity scales that can drive this growth. Fortu-
nately, firehose and mirror saturate by developing sharp
features in the magnetic field on ion-Larmor scales, which
serve as either particle traps or instigators of pitch-angle
scattering (Kunz et al. 2014a; Riquelme et al. 2015;
Hellinger & Tra´vn´ıcˇek 2015). These processes interrupt
phase mixing and, in the case of scattering, break µ-
conservation.
In this Letter, we investigate how a weak seed mag-
netic field can be amplified to dynamical strengths in a
turbulent, collisionless plasma, while allowing the plasma
to respect bounds placed upon its pressure anisotropy
by Larmor-scale kinetic instabilities. This work is com-
plementary to studies of small-scale fluctuation dynamo
in large-magnetic-Prandtl-number (Pm ≫ 1) MHD flu-
ids (e.g., Schekochihin et al. 2002b, 2004, hereafter S04;
Haugen et al. 2004, §F).
2. METHOD OF SOLUTION
We present results from two numerical simulations of
plasma dynamo using the second-order–accurate, hybrid-
kinetic, particle-in-cell code Pegasus (Kunz et al.
2014b). The model equations governing the ion distri-
bution function fi(t, r,v) and the electromagnetic fields
E(t, r) andB(t, r) are the kinetic Vlasov equation, Fara-
day’s law of induction, and a generalized Ohm’s law that
assumes quasi-neutrality and includes the inductive and
Hall electric fields, a thermo-electric field driven by pres-
sure gradients in the massless electron fluid, and Ohmic
(ηOhm) and fourth-order hyper (ηH) magnetic resistivities
(see equations (1)–(4) and (10) in Kunz et al. 2014b).
Both simulations are initialized with a stationary, spa-
tially uniform, Maxwellian, ion-electron plasma in a
triply periodic box of size L3, threaded by a random,
zero-net-flux magnetic field B0 with power at wavenum-
bers kL/2π ∈ [1, 2]. The electrons are assumed isother-
mal with temperature Te = Ti0, where Ti0 is the ini-
tial ion temperature. Nearly incompressible turbulence
is driven by applying a random, solenoidal, statistically
non-helical force F (t, r) to the ions on the largest scales,
kFL/2π ∈ [1, 2]. The amplitude of F is chosen such that
the steady-state Mach number M ≡ urms/vthi ∼ 0.1,
where urms is the rms ion flow speed. This amplitude is
fixed; the amount of energy accepted by the plasma varies
as its impedance self-consistently evolves. The forcing is
time-correlated on tcorr ≈ (kFurms)−1 using an Ornstein-
Uhlenbeck process, which avoids spurious particle accel-
eration due to resonances with high-frequency power in,
e.g., δ-correlated driving (Lynn et al. 2012).
The first simulation has βi0 = 10
6 and L/ρi0 = 16, and
focuses on the early production of pressure anisotropy, its
regulation by kinetic instabilities, the consequent genera-
tion of an effective collisionality, and the impact of these
processes on magnetic-field amplification in the “kine-
matic” phase. It uses 5043 cells, Nppc = 216 parti-
cles per cell, Ωi0tcorr = 16, ηOhm/vA0di0 = 12.7, and
ηH/vA0d
3
i0 = 13800. The latter two parameters corre-
spond to Rm2 ≈ 3.2× 104 and Rm4 ≈ 1.9× 108, where
Rmh ≡ urms
kh−1F ηh
(1)
is a generalized magnetic Reynolds number for order-h
resistivity. The second run focuses on the “nonlinear”
regime and the approach to saturation. It uses βi0 = 10
4,
L/ρi0 = 10, 252
3 cells, and Nppc = 216. These parame-
ters ensure that ρi is well resolved, even in the saturated
state in which βiM
2 ∼ 1 is anticipated. To maximize
scale separation, only hyper-resistivity is used in this run,
with ηH/vA0d
3
i0 = 6 (Rm4 ≈ 1.1 × 107). The viscosity,
and thus the Reynolds number Re, is determined self-
consistently by wave-particle interactions and is not an
input parameter as in the MHD dynamo. In both runs,
the plasma starts well magnetized; a separate publication
will focus on the transition between the unmagnetized
and magnetized regimes.
In what follows, 〈 · 〉 (〈 · 〉p) denotes a box (particle)
average.
3. RESULTS
The plasma dynamo can be characterized by four dis-
tinct stages: (1) an initial period of fast, diffusion-free
growth, during which ion-Larmor-scale firehose/mirror
instabilities are excited; (2) a reduction in growth rate,
leading to steady exponential growth similar to the kine-
matic regime of MHD dynamo; (3) a non-linear regime,
in which the magnetic field becomes strong enough to
influence the bulk plasma motion via the Lorentz force;
and (4) the saturated state, in which the magnetic and
kinetic energies become comparable. Results from both
runs are used to elucidate each stage.
3.1. Initial rapid-growth phase (βi0 = 10
6, t/tcorr . 5)
Figure 1(a) displays the box-averaged kinetic and mag-
netic energies versus time for the βi0 = 10
6 run. The
kinetic energy saturates within t ≈ tcorr and a large-
scale smooth flow is established. On the average, this
flow amplifies the large-scale seed magnetic field, and
rapid growth of magnetic energy occurs at kρi ≈ 0.5–
1 (kL/2π ≈ 4–8), adiabatically driving 〈∆i〉 > 0 (Fig-
ure 1(b); see also Figure 2, t/tcorr = 1). Because
βi0 ≫ 1, mirror instabilities are readily excited. From the
standpoint of these mirror modes, the initial seed field
(kL/2π = 1, 2) behaves as a local “mean” field on which
they grow with oblique polarization kB×J > k‖ > kB·J
(Figure 1(c), t/tcorr . 1.5), where
k‖ ≡
(〈|B ·∇B|2〉
〈B4〉
)1/2
,
kB×J ≡
(〈|B×J |2〉
〈B4〉
)1/2
, kB·J ≡
(〈|B ·J |2〉
〈B4〉
)1/2
are the characteristic wavenumbers of magnetic-field
variation along (k‖) and across (kB×J , kB·J) itself and
J = ∇×B is the current density (see §3.2.1 of
S04). Firehose-unstable modes are also triggered on
ion-Larmor scales in regions of locally decreasing field
and, in concert with mirror-unstable modes, ultimately
generate sharp features in the magnetic field that trap
and pitch-angle scatter particles. The latter produces
an effective collisionality νeff , which drives ∆i towards
marginal stability (Figure 2, t/tcorr = 2, 5) and ties the
pressure anisotropy to the parallel rate of strain (Fig-
ure 1(b), t/tcorr & 3). This leads to a Braginskii-like
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Figure 1. (a) Kinetic and magnetic energies; (b) parallel rate
of strain, total magnetic dissipation, and pressure anisotropy; (c)
characteristic parallel and perpendicular wavenumbers; (d) mag-
netic energy spectrum for select wavenumbers; and (e) components
of the rate of strain, all for βi0 = 10
6.
relation, ∆i ≈ 3bˆbˆ :∇u/νeff , in which a balance obtains
between adiabatic production and collisional relaxation,
with νeff . Ωi.
At the same time that the firehose and mirror in-
stabilities saturate at kρi . 1 with δB/B0 ∼ 1, the
magnetic field acquires energy at sub-ion-Larmor scales
due to field-line stretching and folding by the large-
scale flow (Figure 1(d), t/tcorr & 5). The result is a
much flatter angle-integrated magnetic-energy spectrum,
M(k) ≡ 12
∫
dΩk k
2〈|B(k)|2〉 (Figure 3, t/tcorr = 5),
than is seen in corresponding Pm ≫ 1 MHD simula-
tions. A change in the dominant magnetic-field topology
accompanies this growth, with kB×J > kB · J > k‖ indi-
cating a folded geometry in which the field varies quickly
(slowly) across (along) itself (Figure 1(c), t/tcorr & 2).
2
2 The steady-state value of k‖ in Figure 1(c) is an overestimate
of the inverse fold length by a factor of ≈2–3, being biased towards
larger k‖ by ion-Larmor-scale firehose/mirror fluctuations.
3.2. “Kinematic” phase (βi0 = 10
6, t/tcorr & 5)
Eventually, this period of rapid growth ends. Fig-
ure 1(b) indicates that the reduction in growth rate is
due to two effects. First, an appreciable fraction of the
magnetic energy migrates to resistive scales, and mag-
netic diffusion becomes important. Secondly, bˆbˆ :∇u
is sharply reduced between t/tcorr ≈ 3–5, a feature
we attribute to feedback from firehose/mirror fluctua-
tions (e.g., Schekochihin et al. 2008; Rosin et al. 2011;
Rincon et al. 2015) and to parallel-viscous damping. In-
deed, while 〈|∇u|2〉/〈u2〉 increases substantially in that
time interval, 〈|bˆbˆ :∇u|2〉/〈u2〉 remains nearly constant
(Figure 1(e)); i.e., the parallel rate of strain is sup-
pressed. That this is concurrent with the development
of an angle-integrated kinetic-energy spectrum, E(k) ≡
1
2
∫
dΩk k
2〈|u(k)|2〉 (Figure 3, t/tcorr = 5, 18), that is
Kolmogorov (1941) (i.e., ∝k−5/3) suggests that not all
fluid motions cascade to the smallest scales; i.e., Re is
anisotropic.
Thereafter, 〈B2〉 grows exponentially (Figure 1(a),
t/tcorr & 5), much as in the kinematic-diffusive stage
of the large-Pm MHD dynamo (e.g., Schekochihin et al.
2002b), with a growth rate γ
.
= d ln〈B2〉1/2/dt =
0.0093Ωi0 = 0.15t
−1
corr ≈ urms/L that becomes compa-
rable at all scales (Figure 1(d), t/tcorr & 5). The folded
magnetic-field geometry previously established persists
(Figure 1(c)), and M(k) develops a Kazantsev (1968)
k3/2 scaling with a peak near the resistive scale (Figure 3,
t/tcorr = 18). Such folded structure, accompanied by ion-
Larmor-scale irregularities driven by firehose/mirror, is
evident in the rightmost panels of Figure 3, which display
pseudo-color images of B/Brms and u/urms in a repre-
sentative 2D slice. Suppression of parallel velocity vari-
ation is also apparent; while the turbulent velocity field
is primarily large-scale, filamentary structures of near-
constant u develop along magnetic lines of force. Thus,
there is a dynamical feedback of the magnetic field on
the large-scale flow, even in the absence of a dynami-
cally important Lorentz force, belying the “kinematic”
moniker.
Because of the continuous energy injection and con-
sequent magnetic-field amplification, along with insuffi-
cient scale separation between L and ρi, exact marginal
firehose/mirror stability cannot be maintained and a
residual 〈∆i〉 ≈ (0.02−0.03)≫ 1/βi persists for t/tcorr &
5 (Figure 1(b)), with the bulk of the plasma approx-
imately following the mirror threshold as βi decreases
(Figure 2, t/tcorr = 18). The regulation of ∆i is im-
perfect since, in order for saturated firehose/mirror in-
stabilities to tightly regulate the pressure anisotropy
near marginal stability, νeff ∼ Sβi (Kunz et al. 2014a;
Melville et al. 2016), where S is the parallel rate of strain
at the viscous scale (where it is largest). However, at
t/tcorr = 5, S/Ωi ∼ 10−2 and βi ∼ 105, thus requiring
νeff ∼ 103Ωi (!) Instead, νeff ≪ Ωi in the kinematic
phase in both simulations, a point we have confirmed
both indirectly, by comparing bˆbˆ :∇u and ∆i to infer
νeff ≈ 3〈BB :∇u〉/〈B2∆i〉, and directly, by calculat-
ing the mean time over which µ changes for individ-
ually tracked particles (using the method described in
Kunz et al. (2014a) and Squire et al. (2017)). The re-
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Figure 2. Distribution of pressure anisotropy versus β‖i in the rapid-growth (t/tcorr = 0, 1, 2) and kinematic (t/tcorr = 5, 18) phases for
βi0 = 10
6, and in the saturated state (t/tcorr = 57) for βi0 = 10
4. Dot-dashed (dot-dot-dashed) lines denote approximate mirror (firehose)
instability thresholds. The red dotted line traces p⊥i/p‖i ∝ β
−2
‖i
, corresponding to evolution with µ = const.
sult is shown in Figure 4(d) for βi0 = 10
4; qualitatively
identical behavior is observed for βi0 = 10
6.
There are two processes that contribute to νeff , depend-
ing upon whether the majority of the particles’ gyroradii
is above or below the reversal scale of the magnetic field.
In the former case, those particles sample several field-
reversing folds during their gyromotion and thus undergo
Bohm-like diffusion with νeff ∼ Ωi. On the other hand, if
the majority of particles have gyroradii below the field-
reversal scale and remain well magnetized, then νeff is de-
termined mainly by pitch-angle scattering off of firehose
fluctuations, which populate regions of weak magnetic
field where ∆i < 0.
3 As these regions occur primarily at
the bends of the folded fields, we expect νeff ∼ k‖vthi,
the inverse timescale for a thermal particle to traverse
the length of a fold. Both of these contributions may
be important, depending upon the structure of the mag-
netic field and the local magnetization of the plasma. In
our runs, we witness only a brief moment in the evolu-
tion with νeff ∼ Ωi, giving way to νeff ∼ k‖vthi ≪ Ωi in
the kinematic phase. It is only once k‖vthi ∼ Sβi that
efficient regulation of ∆i is possible (§3.3).
One consequence of νeff ≪ Ωi is an anisotropic vis-
cosity, with Reynolds numbers Re ≡ urms/(kF ηvisc)
differing in the parallel and perpendicular directions:
Re‖ ≪ Re⊥ (Braginskii 1965). While the magnetic-field
growth is controlled by Re‖ (since d lnB/dt ≃ bˆbˆ :∇u ∼
(urms/L)Re
1/2
‖ ), the viscous cutoff ℓvisc seen in Figure 3
is determined by Re⊥ through the Kolmogorov rela-
3 The mirror instability only weakly scatters particles
throughout much of its nonlinear evolution (Kunz et al. 2014a;
Melville et al. 2016). Moreover, in turbulence where S is a fluctu-
ating quantity, the mirror instability is suppressed when βi > Ω/S
due to residual firehose fluctuations; see fig. 13 of Melville et al.
(2016).
tion ℓvisc ∼ LRe−3/4⊥ . Using classical transport the-
ory to estimate the effective perpendicular ion viscosity
ηvisc,⊥ ∼ 0.1ρ2i νeff , we find L/ℓvisc ∼ (MLΩi/ρiνeff)3/4.
Taking M , Ωi, ρi, and νeff from the run, we calculate
a minimum value of L/ℓvisc ∼ 10 at t/tcorr ≈ 5, which
grows exponentially to L/ℓvisc ∼ 100 at t/tcorr ≈ 18.
This roughly agrees with the evolution shown in Fig-
ure 3. Likewise, Re‖ can be calculated using the paral-
lel viscosity for a magnetized plasma, ηvisc,‖ ∼ v2thi/νeff .
Once νeff ∼ k‖vthi, Re‖ ∼ M(k‖/kF ) ∼ 1, suggestive
of a Pm ≫ 1 dynamo and consistent with the large
drop in E(k) at kL/2π ≈ 2. Preliminary Braginskii-
MHD dynamo simulations with 1 ∼ Re‖ ≪ Re⊥ ∼
Rm and −2/βi ≤ ∆i ≤ 1/βi enforced (e.g., follow-
ing Sharma et al. (2006) and Kunz et al. (2012)) exhibit
similar spectra and field-anisotropic flow to those pre-
sented here.
3.3. Nonlinear regime and saturation (βi0 = 10
4)
Figure 4(a) shows the evolution of kinetic and magnetic
energies for the βi0 = 10
4 run. After evolving through
the rapid-growth phase and a brief exponential kinematic
phase, the field growth slows to become secular between
t/tcorr ≈ 12–24 as the Lorentz force begins to affect
the parallel-viscous-scale eddies (Figure 3, t/tcorr = 12;
cf. Maron et al. 2004; Cho et al. 2009). Saturation is ul-
timately reached with 〈B2/4π〉 ≈ 〈minu2〉 via a reduc-
tion of bˆbˆ :∇u (Figure 4(b), t/tcorr & 25; S04).
4 The
4 The precise ratio of kinetic and magnetic energies in saturation
may be influenced by the choice of Ohmic versus hyper resistivity.
In a truly collisionless plasma, neither Ohmic nor hyper resistiv-
ity are guaranteed to be suitable replacements for electron-kinetic-
scale physics. That being said, the resistive scale in the hot ICM,
which we estimate following Schekochihin & Cowley (2006b) using
ℓη ∼ LRm−1/2 with Spitzer (collisional) resistivity, is comparable
to the present-day ρi, much larger than electron scales.
Collisionless Fluctuation Dynamo 5
t/tcorr = 1
βi0 = 10
6
t/tcorr = 2 k3/2
k−5/3
t/tcorr = 5
t/tcorr = 18
t/tcorr = 12
βi0 = 10
4
t/tcorr = 57
βi0 = 10
4
2πM(k)/Lβi0
2πE(k)/Lβi0
10−8
10−6
10−4
10−2
10−8
10−6
10−4
10−2
10−8
10−6
10−4
10−2
10−8
10−6
10−4
10−2
10−8
10−6
10−4
10−2
kL/2π
10−8
10−6
10−4
10−2
100 101 102
y
/L
0
0.2
0.4
0.6
0.8
1
0.01
0.1
1
10
B/Brms
y
/L
x/L
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
0 0.2 0.4 0.6 0.8 1
0
0.5
1
1.5
2
2.5
u/urms
Figure 3. Left: Magnetic- and kinetic-energy spectra for βi0 = 10
6 (t/tcorr = 1, 2, 5, 18) and βi0 = 10
4 (t/tcorr = 12, 57). Red arrows
denote the wavenumber π/ρmedian, where ρmedian is the median value of v⊥/Ωi. Right: Pseudo-color images of B/Brms and u/urms in a
2D slice during the kinematic phase for βi0 = 10
6.
ordering kB×J > kB·J > k‖ established in the kinematic
phase is preserved (Figure 4(c)), but the two perpendicu-
lar scales become closer to one another in saturation; i.e.,
the folded sheets evolve towards a ribbon-like structure,
as seen in the Pm≫ 1 MHD dynamo (S04).
Despite the box-averaged equipartition between kinetic
and magnetic energies, this balance is not scale-by-scale
(Figure 3, t/tcorr = 57). Rather, there is an excess of the
former at the forcing scales (since E(k) ∝ k−5/3) and an
excess of the latter at smaller scales (sinceM(k) ∝ k3/2),
although its peak has shifted towards smaller wavenum-
bers (kL/2π ≈ 5–10) where the resistivity is negligible.
It is because the folds exhibit spatial coherence at the
flow scale that allows them to exert a back-reaction on
the flow via the Lorentz force. Whether the shrinking
gap between the parallel-viscous scale and the peak in
M(k) persists in higher-resolution simulations is of in-
terest in the context of the intracluster magnetic field,
whose spectrum is inferred to peak at scales (∼1 kpc)
far larger than the resistive scales (e.g., Vogt & Enßlin
2005).
As in the βi0 = 10
6 run, the pressure anisotropy be-
comes Braginskii-like, with 〈∆i〉 ∝ 〈BB :∇u〉/〈B2〉 > 0
(Figure 4(b), t/tcorr & 5) and νeff ∼ k‖vthi (Figure 4(d),
t/tcorr & 5). However, once βi decreases to ∼50 (t/tcorr &
20), νeff ∼ Sβi and ∆i is regulated close to the fire-
hose/mirror thresholds (Figure 2, t/tcorr = 57).
Figure 5(a) shows the probability distribution func-
tion P (K) of the magnetic curvature K ≡ |bˆ ·∇bˆ|. In
the MHD case, the tail of P (K) relaxes to a K−13/7
scaling (Schekochihin et al. 2002a) throughout the kine-
matic and saturated phases, depending only weakly on
Pm (see fig. 25 of S04). While P (K) in the plasma dy-
namo is peaked at similar values as those found in S04
(KL/2π ≈ 2), it is generally broader, and is dependent
upon whether the host plasma is mirror unstable (blue;
54% by volume), firehose unstable (green; 27%), or sta-
ble (purple). Regions that are firehose unstable tend to
have the largest curvature, for two reasons. First, ∆ < 0
is generically produced in the stretched bends of the field
lines, where d lnB/dt < 0 and K is large. The reduction
in effective field-line tension by ∆ < 0 reinforces this
trend. Secondly, firehose grows fastest at kρi ∼ 1 and
generates sharp kinks in the field lines on these scales. K
in mirror-unstable regions is also enhanced by the gener-
ation of mirror-shaped field lines. Despite this difference,
there remains a strong anti-correlation between B andK
in saturation (Figure 5(b)), with B ∝ K−1/2 similar to
the MHD case (cf. fig. 17 of S04).
Finally, Figure 5(c) displays the joint distribution of ρi
and kB×J , each computed cell by cell, initially (orange),
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Figure 4. (a)–(c) As in Figure 1, but for βi0 = 10
4. (d) Effec-
tive collision frequency (blue), compared to a “Braginskii” collision
frequency (purple), the collision frequency required to maintain
marginal firehose/mirror stability (green), a parallel-streaming fre-
quency (orange), and the particle-averaged Ωi (yellow).
at the start of the kinematic phase (blue), and in satu-
ration (green). Points rightward (leftward) of the dot-
dashed line exhibit perpendicular magnetic structure on
scales .ρi (&ρi). At early times, this structure is driven
by kinetic instabilities and the emergent folded-field ge-
ometry, with an appreciable fraction of the plasma hav-
ing ρi larger than the field-reversal scale. As B increases,
the mode of the distribution crosses into the magnetized
region at t/tcorr ≈ 5 and settles when the dynamo sat-
urates (t/tcorr ≈ 25). As this happens, the bulk of the
plasma becomes well magnetized on the folding scale.
4. DISCUSSION
The initialization and sustenance of the plasma dy-
namo rely heavily on the production and saturation of
kinetic Larmor-scale instabilities, which effectively ren-
der the plasma weakly collisional by pitch-angle scatter-
ing particles. This scattering causes much of the overall
evolution of the plasma dynamo to resemble the Re ∼ 1,
Pm ≫ 1 MHD dynamo, including an analogous “kine-
matic” phase during which the magnetic energy expe-
riences steady exponential growth. (Broad similarities
between the MHD and collisionless fluctuation dynamo
were also found by Santos-Lima et al. (2014) using a
double-adiabatic fluid model with anomalous scattering
to mimic the regulation of pressure anisotropy by fire-
hose/mirror instabilities.) However, there are several dif-
ferences, such as ion-Larmor-scale structure driven by
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Figure 5. (a) PDF of field-line curvature K in saturation (βi0 =
104, t/tcorr = 57) for firehose-unstable (green), mirror-unstable
(blue), firehose/mirror-stable (purple), and all (black) regions. The
predicted K−13/7 scaling (Schekochihin et al. 2002a) is shown for
comparison. The red arrow denotes the wavenumber π/ρmedian.
(b) Distribution of K and B in saturation. (c) Distribution of
locally computed ρi and kB×J for βi0 = 10
4; contours are evenly
spaced between 0.2 and 1.
firehose/mirror, a Kolmogorov-like cascade of perpen-
dicular kinetic energy to ion-Larmor scales, and a field-
biased anisotropization of the velocity field.
There is only one other publication to date us-
ing kinetic simulations to investigate the plasma dy-
namo (Rincon et al. 2016).5 Those authors focused
on the transition from the unmagnetized (L/ρi ≪ 1)
to the magnetized (L/ρi ≫ 1) regime, with a pa-
rameter study conducted to obtain the critical Rm at
which the dynamo operates. Where our results over-
lap with theirs, we find broad agreement. However,
in the magnetized regime investigated here, computa-
tional expense prevented those authors from proceed-
ing beyond the initial rapid-growth phase driven pri-
marily by the mirror instability. Our finding that this
rapid growth eventually gives way to a more prolonged
and leisurely exponential growth casts doubt upon their
suggestion that the plasma dynamo is self-accelerating,
with γ increasing as B grows. Such an idea had been
theorized previously: Schekochihin & Cowley (2006a),
Mogavero & Schekochihin (2014), and Melville et al.
(2016) conjectured that the firehose/mirror-endowed de-
pendence of Re‖ on βi might result in an accelerating
parallel-viscous-scale rate of strain, leading to explosive
growth on cosmologically short timescales. However,
5 A hybrid-kinetic study of dynamo in collisionless magnetoro-
tational turbulence was presented in Kunz et al. (2016).
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Rincon et al. (2016)’s finding of increasing γ with de-
creasing βi0 (∝(kF ρi0)2 in their set-up) might instead be
due to the role of kF ρi0 in setting M for a given energy-
injection rate and in facilitating initially rapid magnetic-
field amplification by kinetic instabilities, topics that will
be explored in a separate publication.
Clearly, efforts should focus on capturing the νeff ∼
Ωi → k‖vthi → Sβi transitions before saturation oc-
curs at βiM
2 ∼ 1. Sorting this out is crucial not
only for definitively testing theories of explosive dy-
namo, but also for determining the effective Re of the
turbulent ICM (e.g., Fabian et al. 2005; ZuHone et al.
2018), which affects viscous heating (e.g., Lyutikov 2007;
Kunz et al. 2011; Zweibel et al. 2018) and the integrity
of cold fronts (e.g., ZuHone et al. 2015) and rising bub-
bles (e.g., Fabian et al. 2003). Progress on these issues
is now underway.
The authors are indebted to Alex Schekochihin, Steve
Cowley, Francois Rincon, and Jono Squire for sharing
with us their expertise on the small-scale dynamo, as
well as the Wolfgang Pauli Institute in Vienna for its
hospitality and support. This work was supported by
U.S. DOE contract DE-AC02-09CH11466, and made ex-
tensive use of the Perseus cluster at the PICSciE-OIT
TIGRESS High Performance Computing Center and Vi-
sualization Laboratory at Princeton University.
REFERENCES
Barnes, A. 1966, Phys. Fluids, 9, 1483
Batchelor, G. K. 1950, Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences,
201, 405
Beck, R. 2015, A&A Rev., 24, 4
Beck, R., Brandenburg, A., Moss, D., Shukurov, A., & Sokoloff,
D. 1996, ARA&A, 34, 155
Braginskii, S. I. 1965, Reviews of Plasma Physics, 1, 205
Brandenburg, A., & Subramanian, K. 2005, Phys. Rep., 417, 1
Carilli, C. L., & Taylor, G. B. 2002, ARA&A, 40, 319
Chandrasekhar, S., Kaufman, A. N., & Watson, K. M. 1958,
Proc. R. Soc. London A, 245, 435
Chew, G. F., Goldberger, M. L., & Low, F. E. 1956, Proceedings
of the Royal Society of London A: Mathematical, Physical and
Engineering Sciences, 236, 112
Childress, S., & Gilbert, A. 1995, Stretch, Twist, Fold: The Fast
Dynamo, Lecture Notes in Physics Monographs
(Springer-Verlag Berlin Heidelberg)
Cho, J., Vishniac, E. T., Beresnyak, A., Lazarian, A., & Ryu, D.
2009, ApJ, 693, 1449
Fabian, A. C., Reynolds, C. S., Taylor, G. B., & Dunn, R. J. H.
2005, MNRAS, 363, 891
Fabian, A. C., Sanders, J. S., Crawford, C. S., et al. 2003,
MNRAS, 344, L48
Hasegawa, A. 1969, Phys. Fluids, 12, 2642
Haugen, N. E., Brandenburg, A., & Dobler, W. 2004,
Phys. Rev. E, 70, 016308
Helander, P., Strumik, M., & Schekochihin, A. A. 2016, Journal
of Plasma Physics, 82, 905820601
Hellinger, P. 2007, Physics of Plasmas, 14, 082105
Hellinger, P., & Matsumoto, H. 2000, J. Geophys. Res., 105, 10519
Hellinger, P., & Tra´vn´ıcˇek, P. M. 2015, Journal of Plasma
Physics, 81, 305810103
Hitomi Collaboration. 2016, Nature, 535, 117
Kazantsev, A. P. 1968, Soviet Journal of Experimental and
Theoretical Physics, 26, 1031
Kolmogorov, A. N. 1941, Dokl. Akad. Nauk SSSR, 30, 299
Kulsrud, R. M., & Zweibel, E. G. 2008, Reports on Progress in
Physics, 71, 046901
Kunz, M. W., Bogdanovic´, T., Reynolds, C. S., & Stone, J. M.
2012, ApJ, 754, 122
Kunz, M. W., Schekochihin, A. A., Cowley, S. C., Binney, J. J.,
& Sanders, J. S. 2011, MNRAS, 410, 2446
Kunz, M. W., Schekochihin, A. A., & Stone, J. M. 2014a,
Phys. Rev. Lett., 112, 205003
Kunz, M. W., Stone, J. M., & Bai, X.-N. 2014b, J. Comput.
Phys., 259, 154
Kunz, M. W., Stone, J. M., & Quataert, E. 2016,
Phys. Rev. Lett., 117, 235101
Lynn, J. W., Parrish, I. J., Quataert, E., & Chandran, B. D. G.
2012, ApJ, 758, 78
Lyutikov, M. 2007, ApJ, 668, L1
Maron, J., Cowley, S., & McWilliams, J. 2004, ApJ, 603, 569
Melville, S., Schekochihin, A. A., & Kunz, M. W. 2016, MNRAS,
459, 2701
Mogavero, F., & Schekochihin, A. A. 2014, MNRAS, 440, 3226
Parker, E. N. 1958, Phys. Rev., 109, 1874
Rincon, F., Califano, F., Schekochihin, A. A., & Valentini, F.
2016, Proceedings of the National Academy of Sciences, 113,
3950
Rincon, F., Schekochihin, A. A., & Cowley, S. C. 2015, MNRAS,
447, L45
Riquelme, M. A., Quataert, E., & Verscharen, D. 2015, ApJ, 800,
27
Rosenbluth, M. N. 1956, LANL Report LA-2030
Rosin, M. S., Schekochihin, A. A., Rincon, F., & Cowley, S. C.
2011, MNRAS, 413, 7
Santos-Lima, R., de Gouveia Dal Pino, E. M., Kowal, G., et al.
2014, ApJ, 781, 84
Schekochihin, A., Cowley, S., Maron, J., & Malyshkin, L. 2002a,
Phys. Rev. E, 65, 016305
Schekochihin, A. A., & Cowley, S. C. 2006, Astronomische
Nachrichten, 327, 599
Schekochihin, A. A., & Cowley, S. C. 2006, Physics of Plasmas,
13, 056501
Schekochihin, A. A., Cowley, S. C., Hammett, G. W., Maron,
J. L., & McWilliams, J. C. 2002b, New J. Phys., 4, 84
Schekochihin, A. A., Cowley, S. C., Kulsrud, R. M., Rosin, M. S.,
& Heinemann, T. 2008, Phys. Rev. Lett., 100, 081301
Schekochihin, A. A., Cowley, S. C., Taylor, S. F., Maron, J. L., &
McWilliams, J. C. 2004, ApJ, 612, 276
Sharma, P., Hammett, G. W., Quataert, E., & Stone, J. M. 2006,
ApJ, 637, 952
Southwood, D. J., & Kivelson, M. G. 1993, J. Geophys. Res., 98,
9181
Squire, J., Kunz, M. W., Quataert, E., & Schekochihin, A. A.
2017, Phys. Rev. Lett., 119, 155101
Vedenov, A. A., & Sagdeev, R. Z. 1958, Sov. Phys. Dokl., 3, 278
Vogt, C., & Enßlin, T. A. 2005, A&A, 434, 67
Yoon, P. H., Wu, C. S., & de Assis, A. S. 1993, Phys. Fluids B, 5,
1971
Zel’dovich, Y. B., Ruzmaikin, A. A., Molchanov, S. A., &
Sokolov, D. D. 1984, Journal of Fluid Mechanics, 144, 1
ZuHone, J. A., Kunz, M. W., Markevitch, M., Stone, J. M., &
Biffi, V. 2015, ApJ, 798, 90
ZuHone, J. A., Miller, E. D., Bulbul, E., & Zhuravleva, I. 2018,
ApJ, 853, 180
Zweibel, E. G., Mirnov, V. V., Ruszkowski, M., et al. 2018, ApJ,
858, 5
